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Altered organization of collagen 
fibers in the uninvolved human 
colon mucosa 10 cm and 20 cm 
away from the malignant tumor
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Vladimir D. Živanović4, Zoran Krivokapić5, Vladimir B. pavlović6, Steva Lević6, Gorana nikolić7 
& Mihailo D. Rabasović3
Remodelling of collagen fibers has been described during every phase of cancer genesis and 
progression. Changes in morphology and organization of collagen fibers contribute to the formation of 
microenvironment that favors cancer progression and development of metastasis. However, there are 
only few data about remodelling of collagen fibers in healthy looking mucosa distant from the cancer. 
Using SHG imaging, electron microscopy and specialized softwares (CT-FIRE, CurveAlign and FiberFit), 
we objectively visualized and quantified changes in morphology and organization of collagen fibers and 
investigated possible causes of collagen remodelling (change in syntheses, degradation and collagen 
cross-linking) in the colon mucosa 10 cm and 20 cm away from the cancer in comparison with healthy 
mucosa. We showed that in the lamina propria this far from the colon cancer, there were changes in 
collagen architecture (width, straightness, alignment of collagen fibers and collagen molecules inside 
fibers), increased representation of myofibroblasts and increase expression of collagen-remodelling 
enzymes (LOX and MMP2). Thus, the changes in organization of collagen fibers, which were already 
described in the cancer microenvironment, also exist in the mucosa far from the cancer, but smaller in 
magnitude.
Extracellular matrix (ECM) is no longer considered as an inert substrate, a three-dimensional network which 
only “fills the spaces” between cells and provide mechanical support1,2. Today, ECM is known to be a complex and 
dynamic structure, whose chemical and biophysical properties affect cell adhesion3, proliferation4 morphology5, 
migration6, regulate tissue morphogenesis7,8 and fluid volume in tissues9. The most abundant component of ECM 
in the lamina propria of the colon mucosa is type I collagen.
Remodelling of collagen fibers has been described in almost every solid cancer, including colorectal cancer. 
During tumor formation and progression, collagen remodelling is constantly carried out: degradation, synthesis, 
cross-linking of fibers, change of fiber orientation, and interaction of cells of the innate and acquired immune 
system with collagen fibers10,11. Changes in morphology, representation, and organization of collagen fibers con-
tribute to the formation of the microenvironment that favors tumor progression, primarily through its effect on 
cell migration and polarization12. Also, remodelling of collagen fibers on premetastatic sites is of great importance 
in determination of survival and growth of disseminated cancer cells, and thus, formation of metastasis13,14.
Remodelling of collagen fibers may be a result of changes in synthesis, degradation or cross-linking. Main 
cells responsible for synthesis of collagen in colon mucosa are fibroblasts and myofibroblasts. The most impor-
tant enzymes for degradation of collagen fibers are matrix metalloproteinases (MMPs). It has been shown 
that expression of MMP2 and MMP9 is increased in colorectal cancer and influences its progression and 
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metastatic potential15,16. Covalent cross-linking of collagen fibrils is catalyzed by enzyme lysyl oxidase (LOX). 
LOX-dependent collagen crosslinking enhances proliferation of cancer cells and metastatic capacity17,18.
The quantification of changes of collagen within the primary tumor and metastatic niches has been the subject 
of numerous studies and it is recognized to play an important role in both cancer development and progres-
sion19–21. However, much less is known about remodelling of collagen fibers in healthy looking colon mucosa 
distant from the cancer. In the previous study of uninvolved colon mucosa22, we described changes in the rep-
resentation and organization of collagen fibers as far as 10 cm and 20 cm away from the colon cancer. Because 
remodelling of collagen fibers is an important process, crucial for creating specific microenvironmental milieu, 
we felt that further studies were necessary to investigate the finer aspects of this phenomenon. Thus, the aim of 
our study was to quantify morphological parameters and organization of collagen fibers and to investigate pos-
sible causes of collagen remodelling (change in syntheses, degradation and collagen cross-linking) in the colon 
mucosa 10 cm and 20 cm away from the cancer in comparison with healthy mucosa. Indeed, we showed that this 
far from the colon cancer there are changes in collagen architecture, increased representation of myofibroblasts 
and increase expression of collagen-remodelling enzymes.
Results
Changes in morphology and organization of collagen fibers in the uninvolved colon lamina pro-
pria visualized using SHG imaging. On SHG images, in the lamina propria of healthy patients, collagen 
fibers were wavy, orderly organized throughout lamina propria and around the crypts (Fig. 1a). At the distance 
10 cm (Fig. 1b,c) and 20 cm (Fig. 1d) away from the cancer, proper arrangement of collagen fibers appeared partly 
disturbed. It was possible to observe regions with parallel collagen fibers (Fig. 1b), thick collagen fibers (Fig. 1c), 
regions with edema of lamina propria where collagen fibers were separated with large pores (Fig. 1d) and regions 
with fibers organized as in healthy subjects.
By analyzing whole SHG images using CT-FIRE software (Fig. 2a,b; 23–25), we have shown that there was a 
statistically significant increase in the width of collagen fibers in the lamina propria of the colon mucosa at a dis-
tance 10 cm (p = 0.032) and 20 cm from the tumor (p = 0.021), compared with healthy subjects (Fig. 2e). Collagen 
fibers in the lamina propria 10 cm and 20 cm away from the cancer were significantly more straight (p = 0.004 and 
p < 0.0001, Fig. 2f) compared with collagen fibers in lamina propria of healthy colon. Using CurveAlign software 
(Fig. 2c,d)23–25, based on curvelet transform, it was shown that collagen fibers in colon lamina propria 10 cm and 
20 cm away from the cancer were significantly more aligned compared with collagen fibers in healthy lamina 
propria (p = 0.022 and p = 0.041; Fig. 2g).
Because of the heterogeneity in morphology and organization of collagen fibers in the lamina propria of colon 
mucosa and according to the studies which showed that the remodelling of collagen fibers within the tumor 
primarily could be observed in the immediate vicinity of epithelial cells25,26, we also performed computational 
analyses of collagen fibers within 3 regions of interest per each SHG image (Fig. 3a–d). The regions of interest 
included lamina propria of colon mucosa in the immediate vicinity of Liberkün’s crypts. The observed differences 
in morphology and organization of collagen fibers, detected by analyzing whole images, were even more pro-
nounced when analysis were conducted inside the regions of interest: At a distance of 10 cm and 20 cm from the 
tumor, there was a statistically significant increase in width and straightness of collagen fibers compared to lamina 
propria of colon mucosa of healthy subjects (p < 0.0001, Fig. 3e,f). Also, collagen fibers in colon lamina propria 
both 10 cm and 20 cm away from the cancer were significantly more aligned compared with collagen fibers in 
healthy lamina propria (p < 0.0001 and p = 0.035, Fig. 3g).
We also quantified alignment of collagen fibers using another approach. With FiberFit software, based on FFT, 
we obtained the dispersion parameter k27. The dispersion parameter k was significantly increased 10 cm and 20 cm 
away from cancer (indicated more aligned collagen fibers), compared with healthy lamina propria (p = 0.031 and 
p = 0.0013;Table 1).
Changes in SHG polarization anisotropy in the uninvolved colon lamina propria. In the lamina 
propria of colon mucosa at distance 10 cm and 20 cm away from cancer, anisotropy coefficient β28,29 was signifi-
cantly higher (indicating more orderly organized collagen molecules inside fibrils), compared with lamina pro-
pria of healthy patients (p < 0.0001; Table 1).
Electron microscopy analysis of collagen fibers in the uninvolved colon lamina propria. On 
SEM collagen fibers in healthy patients were thin, curvy, and the network they were forming was relatively dense, 
with small pores between bundles (Fig. 4a). At the distance 10 cm and 20 cm away from the tumor the thick col-
lagen fibers were more frequently observed (4b). Also, regions with more aligned collagen fibers were alternating 
with regular, network-like distribution of collagen fibers (Fig. 4c).
Changes in synthesis, cross-linking and degradation of collagen fibers in the uninvolved colon lamina 
propria. Next, we wanted to find out if the changes in morphology and organization of collagen fibers are due 
to changes in synthesis, cross-linking or degradation of collagen. The main cells involved in collagen synthesis 
are fibroblast and myofibroblast. We detected myofibroblasts in colon lamina propria, immunohistochemically, 
using αSMA-antibody. In the lamina propria of healthy patients, myofibroblasts formed continuous layer around 
crypts, with few αSMA-positive cells throughout lamina propria (elongated, spindle-shaped, most probably 
also myofibroblasts) and around blood vessels (smooth muscle cells) (Fig. 5a). At the distance 10 cm and 20 cm 
away from the cancer, pericryptal myofibroblast were readily identifiable, forming thicker-appearing layer. More 
αSMA positive cells were visible throughout lamina propria (Fig. 5a). Quantitative analysis, using Color Picker 
Threshold plugin, showed significantly higher representation of αSMA-positive cells 10 cm away from cancer, 
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compared with healthy lamina propria and lamina propria at the distance 20 cm away from the cancer (p = 0.018 
and p = 0.037) (Fig. 5b).
Lysyl Oxidase (LOX) catalyzes crosslinking of collagen molecules during collagen fibrils assembly. We 
detected LOX expression in epithelial cells (both surface epithelium and epithelium of Lieberkühn glands) and in 
lamina propria of colon mucosa (Fig. 6a). In the colon epithelial cells, LOX mainly showed perinuclear expression 
pattern. LOX expression was significantly higher in epithelial cells of colon mucosa 10 cm and 20 cm away from 
the cancer, compared with healthy mucosa (p < 0.0001; Fig. 6b). In colon lamina propria, LOX was predomi-
nantly expressed by fibroblasts and myofibroblasts and subepithelial macrophages (Fig. 6a). LOX expression was 
significantly higher in lamina propria of colon mucosa 10 cm and 20 cm away from the cancer, compared with 
healthy controls (p < 0.0001 and p = 0.013; Fig. 6b).
Matrix metalloproteinases play an important role in degradation of ECM including collagen fibers. Their 
expression is changed in colon cancer15. We wanted to find out if MMPs were involved in remodelling of collagen 
fibers this far from the colon cancer. MMP2 in the colon epithelial cells showed supranuclear expression. Some 
intraepithelial lymphocytes were also MMP2-positive (Fig. 6a). MMP2 expression was significantly higher in 
epithelial cells of colon mucosa 10 cm and 20 cm away from the cancer, compared with healthy mucosa (p = 0.037 
and p = 0.034; Fig. 6c). MMP2 was expressed by mononuclear cells in colon lamina propria (Fig. 6a). MMP2 
expression was significantly higher in lamina propria of colon mucosa 10 cm away from the cancer, compared 
with healthy controls (p < 0.0001; Fig. 6c).
Figure 1. SHG images showing patterns of collagen fibers organization in the lamina propria of colon mucosa 
in the healthy patients and 10 cm and 20 cm away from the malignant tumor. Collagen fibers were wavy, orderly 
organized throughout lamina propria and around the crypts in the mucosa of healthy patients (a); In the lamina 
propria at the distance 10 cm (b,c) and 20 cm away from the cancer (d), proper arrangement of collagen fibers 
was partly lost: regions with parallel collagen fibers (b, arrows), thick and dense collagen fibers (c, arrow), 
regions with edema of lamina propria where collagen fibers were separated with large pores (d, arrow showing 
pore) were frequently observed.
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MMP9 was barely detectable both in healthy colon mucosa and 10 cm and 20 cm away from the cancer: only 
few scattered cells through lamina propria, most likely macrophages, were MMP9 positive (Supplementary 
Fig S1).
Discussion
Our work demonstrated the changes in morphology and organization of collagen fibers in the colon mucosa 
10 cm and 20 cm away from the cancer and provided a brief insight into the possible causes of the collagen 
remodelling.
Intriguingly, these changes were already described in the cancer microenvironment but larger in 
magnitude15,23,25,30,31.
Change in deposition, alignment and cross-linking of collagen fibers, influence cell polarity and cell-cell inter-
actions, increases growth factor signaling and stimulate migration of cancer cells2,32. Cells are able to sense and 
response to changes of both biochemical and biomechanical properties of the local microenvironment. Some 
of the main parameters determining biomechanical properties of collagen network are thickness of the fibers, 
alignment, stiffness and porosity. Increasement of collagen fibers thickness was shown to correlate with forma-
tion of invadopodia, change in cancer cells shape and increase migratory capacity2,33. Increased alignment of 
collagen fibers has significant impact on gene expression, differentiation, proliferation and especially migra-
tion of cancer cell, with align collagen fibers acting as “highways” for cancer cell migration2. Stiffness is strongly 
related to LOX-induced cross-linking of collagen fibers, which as a consequence favors cell adhesion and MMPs 
secretion2,34,35.
More recently, the importance of tissue away from the cancer is being recognized, and the number of papers 
investigating changes in the uninvolved tissue, on genetic, epigenetic, biochemical and structural level, is 
increasing36–38. The most studied was the uninvolved mucosa immediately around the colon cancer, commonly 
up to 2 cm away from the cancer, so called transitional mucosa39. Recent studies showed that there are local-
ized densification and increased alignment of collagen fibers in the transitional mucosa immediately around 
the cancer40. Rare groups of authors also analyzed healthy looking mucosa further from the cancer: Roy and 
Figure 2. CT FIRE and CURVE Align in analyzing whole SHG images of collagen fiber in the lamina propria 
of colon mucosa in the healthy patients and 10 cm and 20 cm away from the malignant tumor. Original SHG 
image of lamina propria of healthy patient. (a) Graphical output from CT FIRE showing automatic extraction 
of collagen fibers, same patient. (b) Graphical outputs from CURVE Align for calculating alignment of collagen 
fibers. (c,d) Graphs are showing increased width (e), straightness (f) and alignment (g) of collagen fibers in the 
lamina propria 10 cm and 20 cm away from the cancer, calculated using CT FIRE and CURVE Align. *p < 0.05, 
**p < 0.001, ***p < 0.0001 (n = 32 healthy patients/96 images and n = 35 cancer patients/105 images; Values 
are express as mean ± sd; ANOVA).
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colleagues have described changes in the rectal mucosa of patients bearing advanced adenomas elsewhere in 
the colon: metabolic reprograming, including evidence of Warburg effect, early increase in microvascular blood 
supply and also, increased cross-linking and local alignment of collagen fibers36,38. They have also shown that 
increased cross-linking of collagen in the uninvolved colon mucosa fibers was due to increased expression of LOX 
enzyme36. Using microarray, qRT-PCR and immunohistochemistry Trujillo et al. have demonstrated changed 
gene expression signature in the tissue 1 cm and 5 cm away from the breast cancer: differentially expressed genes 
were involved in extracellular matrix remodelling, including genes for MMPs, wound healing, fibrosis and epi-
thelial to mesenchymal transition41. Sanz-Pamplona et. al. revealed number of genes that were preferentially 
activated in adjacent mucosa from colorectal cancer, compared with mucosa of healthy patients: among other, 
these were genes involved in TGF-beta signaling pathway which is associated with fibrosis, genes for MMPs, cell 
adhesion molecules, cell-ECM integrin signaling pathways and BMP2 signaling pathways37.
So, our results are consistent with and complement the works cited: Genes involved in ECM remodelling 
are differentially express in the mucosa around the cancer41, and, by analyzing morphology, organization and 
cellular composition in the colon mucosa far from the cancer, we showed the consequences of these altered gene 
expression.
Figure 3. CT FIRE and CURVE Align in analyzing regions of interest (ROIs) on SHG images of collagen fiber 
in the lamina propria of colon mucosa in the healthy patients and 10 cm and 20 cm away from the malignant 
tumor. Original SHG image of lamina propria of healthy patient, with labeled rectangular ROIs which include 
collagen fibers near the Liberkün’s crypts (a) and example of CT FIRE collagen fiber extraction within ROIs 
(b–d). Graphs are showing increased width (e), straightness (f) and alignment (g) of collagen fibers in the 
lamina propria 10 cm and 20 cm away from the cancer, calculated using CT FIRE and CURVE Align. *p < 0.05, 




10 cm away from 
cancer (n = 35)
20 cm away from 
cancer (n = 35)
k dispersion 
parameter 0.51 ± 0.22 0.91 ± 0.53* 1.11 ± 0.67**
β coefficient 0.26 ± 0.03 0.31 ± 0.04*** 0.32 ± 0.05***
Table 1. Dispersion parameter k and anisotropy coefficient β in the lamina propria of colon mucosa in healthy 
patients and 10 cm and 20 cm away from the cancer. *p < 0.05, **p < 0.01, ***p < 0.001.
6Scientific RepoRtS |         (2020) 10:6359  | https://doi.org/10.1038/s41598-020-63368-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
We have analyzed uninvolved colon mucosa quite far from the colon cancer, 10 cm and 20 cm away, respec-
tively. Most authors still consider tissue located more than 5 cm away from the colon cancer completely healthy 
and use it as a control in their research42. We had at least two reasons to believe that, although distant, this tissue 
could also bear changes: the systemic effects of tumors and, so-called, field carcinogenesis effect36,43,44.
More recently, very interesting concept has emerged, according to which tumor initiation and progression 
are shaped by body’s systemic response to tumor, which implied involvement of distant, uninvolved tissues and 
organs. Tumor produce a vast number of cytokines (for example, VEGF-A, TGF-β, TNF-α) and extrude different 
microvesicles, which act in a systemic fashion, modulating the behavior of host cells in distant tissues, most nota-
bly bone marrow, spleen and pre-metastatic niches. So, by secreting cytokines, tumor induce changes in distant 
tissues, which lead to the formation of local microenvironment that makes that particular tissue more permis-
sive for seeding and survival of metastatic cancer cells43. Remodelling of extracellular matrix play particularly 
important role in creating microenvironment permissive for metastatic cancer cells: activation of fibroblasts/
myofibroblasts, reorganization of collagen fibers, and change in expression of ECM-remodelling enzymes such 
as MMP2, MMP9 and LOX43,45.
On the other hand, according to the field carcinogenesis concept, environmental carcinogens and genetic risk 
factors act on the entire organ (in our case, entire colon mucosa) leading to the emergence of an altered field, so 
called “field of injury”. On this altered field, additional stochastic genetic and epigenetic events within the ena-
bling microenvironment could give rise to focal cancers36,44. ECM, especially collagen and myofibroblasts, is rec-
ognized to play an important role in the field carcinogenesis concept by participating in the formation of enabling 
microenvironment. It is believed that altered epithelial cells induce change in the surrounding microenvironment 
Figure 4. Representative SEM images of collagen fibers in the lamina propria of colon mucosa in the healthy 
patients (a) and 10 cm (c) and 20 (b) cm away from the malignant tumor. In the lamina propria of healthy 
patients (a) thin collagen fibers were forming relatively dense network. At the distance 10 cm and 20 cm away 
from the tumor, regions with thick (b, 20 cm away from tumor) and aligned collagen fibers (c, 10 cm away from 
tumor) were more frequently observed. Magnification x10 000.
Figure 5. Representative images of αSMA-positive cells in the lamina propria of colon mucosa in healthy 
patients and at the distance 10 cm and 20 cm away from the tumor. Arrows are showing αSMA-positive 
myofibroblasts (a); Graph is showing increased representation (in %) of αSMA-positive cells in the lamina 
propria 10 cm and 20 cm away from the cancer, compared with healthy patients. *p < 0.05, **p < 0.001, 
***p < 0.0001 (n = 27 healthy patients and n = 30 cancer patients; Values are express as mean ± sd; ANOVA).
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that, in turn, promote or modify expansion of altered cells, or, there are even evidence indicating that ECM 
changes could play a primary role in both cancer initiation and progression46.
Whether the changes in morphology and organization of collagen fibers 10 cm and 20 cm away from the can-
cer, represent a consequence of a growing tumor or a field effect, or a combination, we have no answer. Further 
analyses of mucosa more distant from the cancer are needed. Subsequently, detailed analyses of changes in 
the epithelium (genetic, epigenetic, biochemical and morphological) this far from the cancer and analysis of 
epithelial-stromal interactions on molecular level would be the next step in more thorough understanding of 
complex ways in which cancer interact with surroundings, distant parts of the same organ and systemically, with 
distant tissues and organs. Also, it would be important to conduct described analyses on the larger number of 
patient- to explore their potential in colon cancer screening or stratification of patients for colonoscopy.
Materials and methods
Tissue samples. Tissue samples were obtained during colonoscopy at the Department of gastrointestinal 
endoscopy, University Hospital Center “Dr Dragiša Mišovic-Dedinje”, Belgrade, Serbia, from patients suspected 
to suffer from colon cancer based on clinical symptoms. When the experienced gastroenterologist noticed a 
suspected change during colonoscopy, they took samples of unaffected colon mucosa 10 cm and 20 cm away in 
caudal direction. The samples of unaffected colon mucosa were obtained from 41 patients older than 50 years (24 
males and 17 females; Table 2). Only tissue samples for which pathologist confirmed that the suspected change 
Figure 6. Representative images of LOX and MMP2 staining in the epithelium and lamina propria of colon 
mucosa in healthy patients and at the distance 10 cm and 20 cm away from the tumor (a); Graphs are showing 
increased representation (in%) of LOX (b) and MMP2-positive cells (c) in the lamina propria 10 cm and 20 cm 
away from the cancer, compared with healthy patients; *p < 0.05, **p < 0.001, ***p < 0.0001 (n = 27/28 healthy 
patients and n = 30 cancer patients; Values are express as mean ± sd; ANOVA).
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was colorectal adenocarcinoma, were included in the study. For all patients, it was newly discovered cancer, so 
they haven’t been on any kind of treatment for the malignant disease before.
As a control, the samples of colon mucosa were collected in the same institution, from 39 patients (20 males 
and 19 females; Table 2) who were indicated colonoscopy because of rectal bleeding, anemia or weight loss, and 
were without any pathological finding or diagnosed only with uncomplicated hemorrhoids (Haemorrhoides non 
specificatae sine complicationibus). Patients with inflammatory bowel disease, infectious colitis or diverticular 
disease of colon were excluded from the study. Our study was approved by the Ethics Committee of University 
Hospital Center “Dr Dragiša-Mišović-Dedinje”, Belgrade, Serbia (18/10/2017). All methods were carried out in 
the accordance with relevant guidelines and regulations.
Second harmonic generation imaging of colon tissue samples. The images of collagen fibers in the 
label-free human colon tissue samples were obtained using an original lab frame nonlinear laser-scanning micro-
scope47,48. For second harmonic generation (SHG) imaging of collagen fibers following experimental setup for 
nonlinear laser scanning microscope (NLM) was used22: The tunable mode-locked Ti:sapphire laser (Coherent, 
Mira 900) has been source of the infrared femtosecond pulses. The laser light was directed onto the sample by a 
short-pass dichroic mirror (cut-off at 700 nm) through the Zeiss EC Plan-Neofluar 40×/1.3 NA Oil objective. The 
laser wavelength was 840 nm. The SHG was detected in back-reflection arm. The narrow bandpass filter at 420 nm 
(Thorlabs FB420-10, FWHM 10 nm) blocks the scattered laser light and auto-fluorescence, and passes second 
harmonic at 420 nm. The average laser power on the sample was 30 mW. According to the pulse duration (160 fs) 
and repetition rate (76 MHz), we estimate the peak laser power to be 2.5 kW.
Quantitative analysis of collagen fibers in colon lamina propria. To analyze morphology and organ-
ization of collagen fibers in colon lamina propria, on SHG images, we used two complementary morphology 
based and one morphology-independent approach. For morphological assessment of collagen fibers we used 
methods based on curvelet transform and Fourier transform. As a morphology-independent approach, we meas-
ured SHG polarization anisotropy.
Computational collagen fiber quantification. CT-FIRE, an open-source software package, was used for calcu-
lation of width and straightness of collagen fibers. CT-FIRE was developed to automatically extract and analyze 
individual collagen fibers from SHG images23–25. Widths of collagen fibers are expressed in pixels. Straightness 
is represented on a scale 0–1, where 1 corresponds to perfectly straight fibers. CURVE Align software was used 
to calculate alignment of collagen fibers. Alignment was represented on a scale from 0–1, where 1 indicates all 
fibers orientated at the same angle23–25. CT-FIRE and CURVE Align measurements were applied both on whole 
images (from 32 healthy patients and 35 cancer patients, 3 SHG images per patient) and on 3 regions of interest 
(300 × 300 px2) per image, located in the close vicinity to Liberkün glands.
An additional software, FiberFit, which is based on fast Fourier transforms (FFT) was use to quantify orienta-
tion of collagen fibers in colon tissue samples (from 32 healthy patients and 35 cancer patients, 3 SHG images per 
patient). Using FiberFit, we obtained the dispersion parameter k, used to quantify collagen fiber alignment (low 
k values indicates disordered networks, large k values indicates aligned networks27.
SHG polarization anisotropy. The SHG anisotropy could be used to quantify alignment of collagen molecules 
inside fibers. The anisotropy parameter β was calculated by:
β = − + ·( ) ( )I I I I/ 2par orth par orth
where Ipar and Iorth represented SHG intensity detected when the analyzing polarizer is oriented parallel (Ipar) and 
orthogonal (Iort) to the laser polarization28,29. Values of β range from 0 to 1, where 0 represents completely random 
and 1 completely aligned collagen molecules inside fibers.
We analyzed 32 samples from healthy patients and 35 from cancer patients. From each tissue sample 3 ran-
domly chosen regions on magnification x400 were measured.
SEM analysis of collagen fibers in colon lamina propria. The surface morphology of collagen fibers 
(for 7 healthy patients and 6 cancer patients) has been examined using a JEOL JSM-6390LV SEM (JEOL, Japan) 
at an accelerating voltage of 10 kV. After fixation in 3% glutaraldehyde in cacodulte buffer, dehydration in graded 
alcohols (50%, 70%, 96%, 100%, 100%) the colon tissue samples were immediately dried using Critical Point 
Dryer K850 (Quorum Technologies, Laughton, UK). Prior to visualization, the dry samples were sputtered with 
gold using a Bal-Tec SCD 005 Cool putter Coater.
Immunohistochemistry. Immunohistochemical analysis was performed on formalin-fixed, paraffin-embedded 
sections using following antibodies and dilution ratios: anti-alphaSMA (Dako, M0851 1:500), anti-MMP9 
Patients Number Age (years)
Gender
Male Female
Cancer 41 74.3 24 17
Healthy 39 71.9 20 19
Table 2. Demographic characteristics of patients included in the study.
9Scientific RepoRtS |         (2020) 10:6359  | https://doi.org/10.1038/s41598-020-63368-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
(Abcam, ab38898, 1:500), anti-MMP2 (Abcam, ab37150, 1:500), anti-LOX (Abcam, ab174316, 1:500) 
(Table 3). After heat-induced antigen retrieval using citrate buffer (pH = 6) and subsequent washing in 
PBS, primary antibodies were incubated for 60 minutes. The sections were treated with commercial Ultra 
Vision/3,3’-diaminobenzidine (DAB) staining kit (Thermo Scientific Lab Vision TL-060-HD, Rockford, IL, 
USA). The reactions were developed using DAB substrate.
For quantification of immunohistchemically stained sections, Color Picker Threshold plugin within open 
community platform for bioimage informatics Icy was used, as previously described22. On images stained with 
anti-alphaSMA antibody, the representation of myofibroblast in colon lamina propria was determined as a rel-
ative percentage of the area occupied by myofibroblast divided by the area of the lamina propria selected with 
an imaging processor. For slides stained with anti-MMP2 and anti-LOX antibody, the percentage of MMP2/
LOX-positive area was determined separately in lamina propria and epithelial region. The number of analyzed 
patients for each antibody is in the Table 3. For one patient, one slide was stained with each antibody and a ran-
dom selection of 10 fields per slide on magnification x200 was analyzed.
Statistical analysis. Data were presented as means and standard deviations. The statistical package SPSS 
for Windows 12.0 (SPSS inc., Chicago, IL, USA) was used to indicate significant differences (two-way ANOVA 
followed by Tukey’s multiple comparison test). Statistical significance was determined by p < 0.05.
Data availability
The dataset generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
Received: 19 October 2019; Accepted: 30 March 2020;
Published: xx xx xxxx
References
 1. Vannucci, L. Stroma as an active player in the development of the tumor microenvironment. Cancer Microenviron 8, 159–66 (2015).
 2. Fang, M., Yuan, J., Peng, C. & Li, Y. Collagen as a double-edged sword in tumor progression. Tumor Biol. 35, 2871–2882 (2014).
 3. Gopal, S., Malthaupt, H., Pocock, R. & Couchman, J. R. Cell-extracellular matrix and cell-cell adhesion are linked by syndecan-4. 
Matrix Biol. 60–61, 57–69 (2017).
 4. Schrader, J. et al. Matrix stiffness modulates proliferation, chemotherapeutic response and dormancy in hepatocellular carcinoma 
cells. Hepatol. Baltim. Md 53, 1192–205 (2011).
 5. Rozario, T. & DeSimone, D. W. The extracellular matrix in development and morphogenesis: A dynamic view. Dev. Biol. 341, 
126–140 (2010).
 6. Zaman, M. H. et al. Migration of tumor cells in 3D matrices is governed by matrix stiffness along with cell-matrix adhesion and 
proteolysis. Proct. Natl. Acad. Sci 103, 10889–94 (2006).
 7. Handorf, A. M., Zhou, Y., Halanski, M. A. & Li, W. J. Tissue stiffness dictates development, homeostasis, and disease progression. 
Organogenesis. 11, 1–15 (2015).
 8. Taufalele, P. V., VanderBurgh, J. A., Muñoz, A., Zanotelli, M. R. & Reinhart-King, C. A. Fiber alignment drives changes in 
architectural and mechanical features in collagen matrices. Plos one. 14, 20216537 (2019).
 9. Voutouri, C., Polydorou, C., Papageorgis, P., Gkretsi, V. & Stylianopoulos, T. Hyaluronan-derived swelling of solid tumors, the 
contribution of collagen and cancer cells, and implications for cancer therapy. Neoplasia 18, 732–741 (2016).
 10. Giussani, M., Triulzi, T., Sozzi, G. & Tagliabue, E. Tumor extracellular matrix remodelling: New perspectives as a circulating tool in 
the diagnosis and prognosis of solid tumors. Cells. 8, 81 (2019).
 11. Crotti, S. et al. Extracellular Matrix and colorectal cancer: How surrounding microenvironment affects cancer cell behavior? J. Cell. 
Physiol. 232, 967–975 (2017).
 12. Fischer, T., Wilharm, N., Hayn, A. & Mierke, C. T. Matrix and cellular mechanical proprerties are driving factors for facilitating 
human cancer cell motility into 3D engineered matrices. Converg. Sci. Phys. Oncol 3, 044004 (2107).
 13. Massague, J. New concepts in tissue-specific metastases. Clin. Adv. Hematol. Oncol. 1, 576–7 (2003).
 14. Doglioni, G., Parik, S. & Fendt, S. M. Interactions in the (pre)metastatic niche support metastasis formation. Front. Oncol 9, 219 
(2019).
 15. Siad, A. H., Raufman, J. P. & Xie, G. The role of matrix metalloproteinases in colorectal cancer. Cancer (Basel.). 6, 366–375 (2014).
 16. Brown, G. T. & Murray, G. I. Current mechanistic insights into the roles of matrix metalloproteinases in tumor invasion and 
metastasis. J. Pathol. 237, 273–281 (2015).
 17. Wei, B. et al. Human colorectal cancer progression correlates with LOX-induced ECM stiffening. Int. J. Biol. Sci. 13, 1450–1457 
(2017).
 18. Murdocca, M. et al. Targeting LOX-1 inhibits colorectal cancer metastasis in an animal model. Front. Oncol. 9, https://doi.
org/10.3389/fonc.2019.00927 (2019).
 19. Paidi, S. K. et al. Label-free Raman spectroscopy detects stromal adaptations in pre-metastatic lungs primed by breas cancer. Cancer 
Res. 77, 247–256 (2017).
Number of analyzed 
healthy patients
Number of analyzed cancer patients 
(tissue away from the cancer)
10 cm away 20 cm away
αSMA (Dako, M0851) 27 30 30
LOX (Abcam, ab174316) 27 30 30
MMP2 (Abcam, ab37150) 28 30 30
MMP9 (Abcam, ab38898) 12 15 13
Table 3. The number of patients analyzed and the list of antibodies used for immunohistochemical analysis of 
myofibroblast, MMPs and LOX in the healthy lamina propria, 10 cm and 20 cm away from the cancer.
1 0Scientific RepoRtS |         (2020) 10:6359  | https://doi.org/10.1038/s41598-020-63368-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
 20. Whatcott, C. J. et al. Desmoplasia in primary tumors and metastatic lesions of pancreatic cancer. Clin. Cancer Res. 21, 3561–3568 
(2015).
 21. Zhou, Z. H. et al. Reorganized collagen in the tumor micorenvironment of gastric cancer and its association with prognossis. J. 
Cancer 8, 1466–1476 (2017).
 22. Despotović, S.Z. et al. Remodelling of extracellular matrix of the lamina propria in the uninvolved human rectal mucosa 10 cm and 
20 cm away from the malignant tumor. Tumour Biol. 39, https://doi.org/10.1177/1010428317711654 (2017).
 23. Bredfeldt, J. S. et al. Computational segmentation of collagen fibers from second-harmonic generation images of breast cancer. J. 
Biomed. Opt. 19, 016007 (2014).
 24. Capella, H. et al. Methods for quantifying fibrilar collagen alignment in Methods In molecular biology (ed. Rittié, L) 1627, 429–449 
(Springer Science, 2017).
 25. Drifka, C. R. et al. Periductal stromal collagen topology of pancreatic ductal adenocarcinoma differs from that of normal and 
chronic pancreatitis. Mod. Pathol. 28, 1470–1480 (2015).
 26. Mo, A. et al. Distinct transcriptional changes and epithelial-stromal interactions are altered in early stage colon cancer development. 
Mol. Cancer Res. 14, 795–804 (2016).
 27. Morrill, E. E. et al. A validated software application to measure fiber organization in soft tissue. Biomech. Model. Mechanobiol. 15, 
1467–1478 (2016).
 28. Chen, X., Nadiarynkh, O., Plotnikov, S. & Campagnola, P. J. Second harmonic generation microscopy for quantitative analysis of 
collagen fibrillar structure. Nat. Protoc. 7, 654–669 (2012).
 29. Nadiarnykh, O., Lacomb, R. B., Brewer, M. A. & Campagnola, P. J. Alterations of the extracellular matrix in the ovarian cancer 
studied by Second Harmonic Generation imaging microscopy. BMC Cancer. 10, 94 (2010).
 30. Bissell, M. J. & LaBarge, M. A. Context, tissue plasticity, and cancer: Are tumor stem cells also regulated by the microenvironment? 
Cancer Cell. 7, 17–23 (2005).
 31. Wei, B. et al. Human colorectal cancer progression correlates with LOX-induced ECM stiffening. Int. J. Biol. Sci. 13, 1450–1457 
(2017).
 32. Paszek, M. J. et al. Tensional homeostasis and the malignant phenotype. Cancer Cell. 8, 241–54 (2005).
 33. Artym, V. V. et al. Dense fibrilar collagen is a potent inducer of invadopodia via specific signaling network. J. Cell Biol. 208, 331–350 
(2015).
 34. Yu, H., Mouw, J. K. & Weaver, V. M. Forcing form and function: Biomechanical regulation of tumor evolution. Trends Cell Biol. 21, 
47–56 (2011).
 35. Sheieh, A. C. Biomechanical forces shape the tumor microenvironment. Ann Biomed. Eng. 39, 1379–89 (2011).
 36. Backman, V. & Roy, H. K. Advances in biophotonics detection of field carcinogenesis for colon cancer risk stratification. J. Cancer 4, 
251–261 (2013).
 37. Sanz-Pamplona, R. et al. Aberratnt gene expression in mucosa adjacent to tumor reveals a molecular crosstalk in colon cancer. Mol. 
Cancer. 13, 1–19 (2014).
 38. Dela Cruz, M. et al. Metabolic reprogramming of the premalignant colonic mucosa is an early event in carcinogenesis. Oncotarget 
8, 20543–20557 (2017).
 39. Boland, C. R. & Kim, Y. S. Transitional mucosa of the colon and tumor growth factors. Med. Hypotheses. 22, 237–243 (1987).
 40. Ferruzzi, J. et al. Compressive remodelling alters fluid transport properties of collagen networks- implications for tumor growth. Sci 
Rep. 9, 17151 (2019).
 41. Trujillo, K. A. et al. Markers of fibrosis and epithelial to mesenchymal transition demonstrate field cancerization in histologically 
normal tissue adjacent to breast tumors. Int. J. Cancer. 129, 1310–1321 (2011).
 42. Genovese, L. et al. Cellular localisation, invasion, and turnover are differently influenced by healthy and tumor-derived extracellular 
matrix. Tissue Eng. Part A. 20, 2005–18 (2014).
 43. McAllister, S. S. & Weinberg, R. A. The tumour-induced systemic environment as a critical regulator of cancer progression and 
metastasis. Nat.Cell Biol. 16, 717–727 (2014).
 44. Curtius, K., Wright, N. A. & Graham, T. A. An evolutionary perspective on field cancerization. Cancer. 28, 19–32 (2018).
 45. Hiratsuka, S. et al. MMP9 induction by vascular endothelial growth factor receptor-1 is involved in lung-specific metastasis. Cancer 
Cell 2, 289–300 (2002).
 46. Dotto, P. G. Multifocal epithelial tumors and field cancerization: stroma as a primary determinant. J. Clin. Invest. 124, 1446–1453 
(2014).
 47. Rabasović, M. D. et al. Nonlinear microscopy of chitin and chitinous structures: a case study of two cave-dwelling insects. J. Biomed. 
Opt. 20, 016010 (2015).
 48. Bukara, K. et al. Mapping of hemoglibin in erythrocyte ghosts using two photon excitation fluorescence microscopy. J. Biomed. Opt. 
22, 26003 (2017).
Acknowledgements
The authors are grateful to Novica Milicevic and Živana Milicevic for critically reading the manuscript and 
supporting each phase of development of the present work; Miloš Kiš and Dragan Beška, for excellent technical 
assistance. This work was supported by grant from the Ministry for Education, Science and Technological 
Development of Republic of Serbia (nos. 175005, OI 171038 and III45016).
Author contributions
S.D., Đ.M., V.Ž., M.R., A.K., A.P. designed the work, S.D., Đ.M., A.P., M.R. A.K., G.N., V.Ž., V.P., Z.K., S.L. 
conducted the experiment; S.D., Đ.M., M.R., A.P., Z.K. analyzed and interpreted the data.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63368-y.
Correspondence and requests for materials should be addressed to S.Z.D.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
1 1Scientific RepoRtS |         (2020) 10:6359  | https://doi.org/10.1038/s41598-020-63368-y
www.nature.com/scientificreportswww.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020
